Recent studies suggest a possible association between dephosphorylated-uncarboxylated MGP (dpucMGP) and glomerular filtration rate (GFR). This study aimed to establish normative data in an adult Caucasian population and to explore the potential utility of dp-ucMGP in patients with diabetes mellitus (DM) with and without diabetic kidney disease (DKD). Healthy volunteers (HVs) (cross-sectional study) and participants with DM (prospective cohort study) were recruited. Plasma dp-ucMGP was measured using the IDS ® -iSYS Ina Ktif (dp-ucMGP) assay. Of the HVs recruited (n = 208), 67(32.2%) were excluded leaving a reference population of 141(67.8%) metabolically healthy participants with normal kidney function. Plasma dp-ucMGP RIs were <300-532 pmol/L. There were 100 eligible participants with DKD and 92 with DM without DKD. For the identification of participants with DKD, the area under the receiver operating characteristic curve (AUC) for dp-ucMGP was 0.842 (95%CI:0.799-0.880; p < 0.001). Plasma dp-ucMGP demonstrated similar ability to urine albumin:creatinine ratio (uACR) to detect participants with DM and renal function decline. Among patients with DM, there was a negative correlation between natural log (LN) dp-ucMGP and eGFR (r = −0.7041; p < 0.001) and rate of change in renal function [%change (r = −0.4509; p < 0.001)] and a positive correlation between LN dp-ucMGP and LN uACR (r = 0.3392; p < 0.001). These results suggest the potential for plasma dp-ucMGP with well-defined RIs to identify adults at high risk for vascular disease in the context of progressive DKD.
phosphorylation to form active phosphorylated-carboxylated MGP (p-cMGP). Vitamin K hydroquinone is an essential cofactor for the enzyme γ-glutamylcarboxylase that catalyses the conversion of dp-ucMGP to dp-cMGP. Plasma concentration of dp-ucMGP is considered to be a better indicator of vascular vitamin K status than other components of the MGP system and correlates with vascular stiffness in the general population and in patients with chronic kidney disease (CKD) 3, 9, 10 . Patients with diabetes mellitus (DM) have increased risk of cardiovascular morbidity and mortality 11, 12 . Cardiovascular disease (CVD) affects approximately 30% of all persons with type 2 DM (T2DM); reducing life expectancy by up to 10 years 12 . DM is the leading cause of CKD worldwide (known as diabetic kidney disease (DKD)) 13 and in conjunction with kidney disease is highly associated with vascular calcification 14 . In the population-based NHANES III study in those with T2DM, the subgroup with evidence of CKD accounted for most or all of the excess cardiovascular mortality risk compared to those without DM 15 . Elevated plasma dp-ucMGP was associated with vascular calcification in patients with different degrees of kidney disease 10, 16 and independently associated with lower renal function 9 . Plasma dp-ucMGP was also independently associated with peripheral vascular calcification 3 , carotid femoral pulse wave velocity 17 and aortic pulse wave velocity 18 . Aortic pulse wave velocity is an independent predictor of cardiovascular morbidity and mortality 19 . Vitamin K supplementation (VKS) has been associated with a reduction in vascular calcification and plasma dp-ucMGP concentrations although further studies are needed 20 . Thus, measurement of plasma dp-ucMGP has the potential to be a marker of effective VKS. Finally, vitamin K-dependent proteins such as dp-ucMGP are associated with the combined endpoint of CVD or mortality 20 .
There is a significant unmet clinical need for the identification of biomarkers that serve as predictors of renal function decline 21 and/or identification of patients at risk of CVD with differing degrees of renal impairment. To identify the utility of a biomarker in a disease process, it is important firstly to understand how this biomarker behaves in a healthy population with no underlying disease processes. To our knowledge, this is the first report to establish robust reference intervals (RIs) for dp-ucMGP measured using the IDS ® -iSYS, an automated immunoassay analyzer based on chemiluminescent technology, in metabolically healthy adults with normal kidney function. Previous studies have established reference intervals for total MGP using a sandwich ELISA kit 22 and explored the relationships between dp-ucMGP concentrations measured using a sandwich dual-antibody ELISA and coronary artery calcification and vitamin K status in healthy women 23, 24 . The primary aims of this study were to establish normative data for dp-ucMGP in an Irish Caucasian population and to explore the promise of dp-ucMGP as a new biomarker in patients with DKD. The secondary aim was to compare plasma dp-ucMGP and urine albumin:creatinine ratio (uACR) in the identification of individuals with rapid decline in renal function.
Methods
Ethical approval for this study was granted by the research ethics committees at Galway University Hospitals (GUH) and the National University of Ireland Galway (NUIG) (Ref GUH 
Study design.
A cross-sectional study was carried out between March 2016 and March 2018 at GUH/NUIG to recruit healthy volunteers (HVs). HVs were identified using posters displayed at GUH/NUIG. A prospective cohort study was designed to recruit participants with DM with and without DKD. Participants were recruited by convenience consecutive sampling at routine DM, nephrology and diabetic renal clinics 25 at GUH.
Reference population. Our reference population of metabolically healthy adults with normal kidney function has been previously described 26 . In brief, the stringent inclusion criteria for establishing reference intervals in our population (Table 1) included: signed informed consent and Caucasian ethnicity. The exclusion criteria included: on prescribed or over-the-counter medications (not including contraceptives) in the week preceding recruitment, previous or new diagnosis of DM or prediabetes, known diagnosis of cardiac, thyroid, liver or kidney disease, anaemia or unwell in the previous 2-weeks, non-Caucasian, clinical or laboratory parameters outside defined ranges (Table 1) or insufficient sample. In addition to the previously described exclusion criteria, any participant suspected of having metabolic bone disease at the time of sampling (low 25-hydroxyvitamin D(25(OH) D) <25 ng/mL and/or high intact parathyroid hormone (iPTH) concentration ≥65 ng/L) was also excluded. The number of participants meeting these criteria and included in the reference population was 141.
Participants with DM and DKD. DKD was defined as a reduction in eGFR (<60 mL/min/1.73 m 2 ), persistent albuminuria (uACR > 2.5 mg/mmol (males) or >3.5 mg/mmol (females) on ≥2 of the last 3 uACR measurements) and/or renal hyperfiltration >150 mL/min/1.73 m 2 . Participants with DM were divided into groups based on the presence or absence of DKD. The inclusion criteria were: known diagnosis of DM, age ≥18 years and signed informed consent. The exclusion criteria were: under active management for acute medical conditions (infection, cancer, acute cardiovascular event or haematological conditions) other than anaemia, haemoglobin <10 g/dL in the 3 months prior to study enrolment, Vitamin K antagonist therapy, CKD 5, renal transplantation or dialysis therapy. an automated oscillometric device (Omron ® ) in accordance with standard departmental operating procedures, after participants had been seated and at rest for five minutes. The reference population completed a detailed questionnaire to identify any known medical conditions, medication use and/or illness in the previous two weeks. For participants with DM, the type and duration of DM (years), past medical history and current medications were noted. Cardiovascular disease (CVD) is defined as a history of myocardial infarction, congestive cardiac failure or stroke. In addition, all serum creatinine values for the 10 years pre-enrolment and over the subsequent 2.5 years post-enrolment (or until death, dialysis or transplantation) were collated. For these serial serum creatinine values, eGFR was calculated using the 4-parameter CKD-EPI formula 27 . Laboratory sampling strategy. Blood (20 mL) was drawn from each participant and collected in appropriate specimen tubes (BD Vacutainer ® blood collection tubes): potassium ethylenediaminetetraacetic acid (EDTA) tubes for measurement of plasma glycated haemoglobin (HbA 1c ), full blood count and plasma dp-ucMGP and plain (clotting) tubes for measurement of serum C-reactive protein (CRP), sodium, potassium, chloride, urea, creatinine, calcium, phosphate, liver function tests, cholesterol, thyroid function tests, iPTH, 25(OH)D, high sensitivity troponin t (hsTnT) and N-terminal pro b-type natriuretic peptide (NT-proBNP). A midstream urine sample was collected for measurement of uACR (Supplementary Methodology 2).
For measurement of plasma dp-ucMGP, whole blood collected in EDTA tubes was processed (centrifugation at 3000xg for 10 minutes at 4 °C and plasma separated from the cells within 1.5 h of blood draw), divided into aliquots and stored at −80 °C prior to batch analyses. Table 1 . Baseline characteristics and inclusion criteria for reference population (n = 141): correlation of characteristics with LN dp-ucMGP. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; HbA 1c : glycated haemoglobin; CRP: C-reactive protein; eGFR: estimated glomerular filtration rate (CKD-EPI); Adj. Calcium: adjusted calcium, ALP: alkaline phosphatase; ALT: alanine aminotransferase; GGT: Gamma-glutamyl transferase; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; T4: thyroxine; TSH: thyroid stimulating hormone; iPTH: intact parathyroid hormone; 25(OH)D: 25 hydroxy vitamin D; hsTnT: high-sensitivity troponin T; NT-proBNP: n-terminal pro b-type natriuretic peptide; WCC: white cell count; uACR: urine albumin:creatinine ratio. ~Data is represented as median (range) to indicate the spread of results. *Pearson's correlation. Significant p-values are highlighted in bold. ^Correlation between LN of the variable and LN dp-ucMGP.
≠
Includes both the minimum and maximum value.
Establishing reference intervals for dp-ucMGP. The frequency distribution for plasma dp-ucMGP was established. Reference values within the IDS-iSYS dp-ucMGP reportable range were used to establish the reference intervals. Plasma dp-ucMGP levels below the assay reportable range or lower limit of quantification (LLoQ) (300 pmol/L) were assigned the arbitrary figure of 299 pmol/L for statistical analyses. Normality was evaluated using the Anderson-Darling test. Outliers were assessed in accordance with the criteria of Dixon et al. 29 and Reed et al. 30 (Supplementary Methodology 4). As the data was not normally distributed, the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) recommended non-parametric method was used to establish the reference intervals. Plasma dp-ucMGP lower and upper reference limits were estimated at the 2.5 th and 97.5 th percentiles, respectively.
Diagnostic utility of dp-ucMGP in DKD. Continuous data were represented using means (standard deviations) where the data were normally distributed and median (min-max) for non-normally distributed data. For normally distributed data, comparison of means was made using ANOVA with Tukey's post hoc multiple comparison test or Student's T-test. For non-parametric data, Kruskal-Wallis multiple comparison test with Dunn's post hoc multiple comparison test and Mann-Whitney U test were used. Categorical data were summarized with frequencies (percentages). Comparison of proportions were performed using the chi-squared test (with pairwise tests for independence for multiple comparisons). Pearson's correlation was used to explore the relationships between continuous variables and clinical/laboratory parameters among HVs. P-values ≤0.05 were considered statistically significant. Linear mixed-effects models (incorporating random within subject trajectories of eGFR over time) were used to generate individual specific eGFR slopes; both absolute change (mL/min/1.73 m 2 /year) and percentage change (% change/year). The slopes represented the change in renal function over time for each participant incorporating all eGFR measurements (before, after and at time of recruitment). Progressive renal function decline among participants with DM (decliners) was defined as either an absolute reduction in eGFR of ≥3.5 mL/min/1.73 m 2 / year 31 or percentage eGFR loss of ≥3.3%/year 32, 33 . In a general population, a 3.3% reduction in renal function per year corresponds to the 2.5 th percentile of the distribution of annual renal function loss 34 . Participants whose rate of eGFR decline was <3.5 mL/min/1.73 m 2 /year or <3.3% per year were classified as non-decliners. Receiver operating characteristic (ROC) curve analyses were used to evaluate the diagnostic utility of plasma dp-ucMGP in distinguishing participants with DKD from participants with DM without DKD and HVs. The sample size required to identify an area under the receiver operating characteristic curve (AUC) of >0.75 with a null hypothesis AUC of 0.5, a ratio of sample sizes in negative/ positive groups of 3.34, α of 0.05 and β of 0.1 (power 90%) was determined to be 18 cases with DKD and 60 cases without. Further ROC curves were constructed to determine the utility of plasma dp-ucMGP in distinguishing participants with DKD from participants with DM without DKD and decliners from non-decliners. The relationships between natural log (LN) dp-ucMGP, and eGFR, LN uACR and change in eGFR (absolute, percentage) were explored using linear regression models and represented on scatter plots. Box and whiskers plots were used to illustrate the differences in plasma dp-ucMGP between HVs, participants with DM with and without DKD and between decliners and non-decliners (absolute, percentage).
Separate stepwise regression analyses were carried out on the HVs and the participants with DM, to determine which variables best explained the dp-ucMGP level. As dp-ucMGP was not normally distributed, the LN dp-ucMGP was used as the dependent variable. The variables listed in Table 1 (with the exception of creatinine as eGFR was included in the model) and gender (male/female) were included in the stepwise models for HVs and those with DM. As CRP, GGT, triglycerides, 25(OH) D, hsTnT, NT-proBNP and uACR were not normally distributed, the LN of each of these variables was used in the models.
Results
In total, 208 HVs were recruited to the study (Fig. 1 ). Of these, 67 (32.2%) were excluded based on our strict exclusion criteria, leaving a reference population of 141 metabolically healthy reference controls with normal kidney function (Table 1) . Of these, 55 (39.0%) had plasma dp-ucMGP concentrations below the assay reportable range or the lower limit of quantification (300 pmol/L). Baseline characteristics of the reference population and their correlations with LN plasma dp-ucMGP are outlined in Table 1 . There was no statistically significant difference in plasma dp-ucMGP between smokers (n = 13; 299 (299-472) pmol/L) and non-smokers (n = 128; 299 (299-698) pmol/L) (p = 0.264). However, there was a significant difference in plasma dp-ucMGP between males (2019) 9:18452 | https://doi.org/10.1038/s41598-019-54762-2 www.nature.com/scientificreports www.nature.com/scientificreports/ (n = 59; 301 (299-518) pmol/L) and females (n = 82; 365 (299-698) pmol/L) (p = 0.004). Among HVs, using a stepwise regression model, increasing BMI, CRP, GGT, TSH and haemoglobin were associated with increasing plasma LN dp-ucMGP (Table 2) . Interestingly, this model further suggested that males had a lower plasma LN dp-ucMGP than females (p < 0.001).
Analytical performance of dp-ucMGp assay. Linearity of the assay was verified to a dilution of 1:6 with a recovery of 100 ± 10% (Supplementary Figure 1, Supplementary Table 1 ). Intra-assay precision at mean dp-ucMGP concentrations of 981 pmol/L, 4397 pmol/L and 7296 pmol/L was 4.02%, 2.28% and 2.85%, respectively (Supplementary Table 2a -c). Inter-assay precision at mean dp-ucMGP concentrations of 981 pmol/L, 4397 pmol/L and 7296 pmol/L was 5.57%, 3.25% and 3.22%, respectively (Supplementary Table 2a-c). Bias was 6.7%, 9.0% and 6.1% at dp-ucMGP concentrations of 920 pmol/L, 4033 pmol/L and 6877 pmol/L, respectively (Supplementary Table 3 ). Samples with a haemolytic index (HI) of 258 and 338 had 19% and 13% increases in recovery, respectively, and samples with a HI of 499 had a 9% decrease in recovery of dp-ucMGP compared to baseline (HI = 7) (Supplementary Table 4 ). Plasma dp-ucMGP concentrations were stable when stored at −80 °C over a 9-month period with a recovery of 100 ± 10% (Supplementary Table 5 ). Plasma dp-ucMGP levels were stable for 1 warm-up cycle (24 h) (recovery 100 ± 10%) and for 2 freeze-thaw cycles (recovery 100 ± 10%) (Supplementary Table 6 ).
Reference intervals for plasma dp-ucMGp. Plasma dp-ucMGP was not normally distributed among the reference population (non-Gaussian) ( Fig. 2A,B ). This in part was due to the proportion of HVs that had values below the LLoQ of the assay (39.0%). The D' Agostino-Pearson test rejected normality (p-value <0.001). Using the Dixon and Reed approach for detection of outliers, none were identified. Using the non-parametric method, the lower (2.5 th percentile) and upper (97.5 th percentile) reference limits for dp-ucMGP were 299 (90% CI 299-299) pmol/L and 532 (90% CI 509-698) pmol/L, respectively. As the LLoQ is 300 pmol/L, the data below 300 pmol/L is truncated. Therefore, we recommend that the RI is quoted as <300 pmol/L to 532 pmol/L. Diagnostic performance of plasma dp-ucMGP in DKD. In addition to 141 HVs, 200 participants with DM with and without DKD were recruited (Fig. 1 ). Of these, 8 (4%) were on Vitamin K antagonist therapy and were excluded from the study. Of the remaining 192 participants, 100 (52.1%) had DKD and 92 (47.9%) did not. Baseline biochemical, haematological and clinical parameters for the HVs, participants with DM with and without DKD are outlined in Tables 3, 4 . There was a significant, stepwise increase in plasma dp-ucMGP from HVs (318 (299-698) pmol/L) to participants with DM without DKD (434 (299-1251)pmol/L) to participants with DKD (729 (299-4938) pmol/L) (p < 0.001) (Fig. 3A) . A series of eGFR values, sufficient to calculate rate of change in eGFR were available for 191/192 participants with DM over a median of 7.4 (0.5-11.6) years. Based on absolute change in eGFR per year, 32 (16.8%) were categorised as decliners. However, when based on % change in eGFR per year, 77 (40.3%) were categorised as decliners. Decliners had higher plasma dp-ucMGP than non-decliners (Fig. 3B ). In patients with DM, there were significant strong negative linear associations between LN plasma dp-ucMGP and eGFR (r = −0.7041, p < 0.001), absolute change in eGFR (r = −0.3078, p < 0.001) and % change in eGFR (r = −0.4509, p < 0.001) as well as a significant, moderate positive linear association between LN plasma dp-ucMGP and LN uACR (r = 0.3392, p < 0.001) (Fig. 3C-F) . www.nature.com/scientificreports www.nature.com/scientificreports/ ROC curve analyses were used to determine the ability of plasma dp-ucMGP to identify participants with DKD. First, participants with DKD were compared to participants with DM without DKD and HV (Fig. 4A) . This analysis produced an AUC of 0.842 (95% CI: 0.799-0.880; p < 0.001) with a diagnostic sensitivity of 67.0% (95% CI 56.9-76.1), a diagnostic specificity of 91% (95% CI 86.1-94.0), positive likelihood ratio of 7.10 (95% CI 4.7-10.8) and a negative likelihood ratio of 0.36 (95% CI 0.3-0.5). The optimum cut-off for identifying participants with DKD was a plasma dp-ucMGP concentration >557 pmol/L. Further ROC curve analysis compared participants with DKD to participants with DM without DKD (Fig. 4B) . The AUC for dp-ucMGP was 0.747 (95% CI: 0.679-0.807; p < 0.001) with a diagnostic sensitivity of 64.7% (95% CI 54.6-73.9), a diagnostic specificity of 80.0% (95% CI 70.2-87.7), a positive likelihood ratio of 3.24 (95% CI 2.1-5.0), a negative likelihood ratio of 0.44 (95% CI 0.3-0.6) and decision threshold of >570 pmol/L. ROC curve analyses were also used to compare the ability of dp-ucMGP and uACR to distinguish participants with DM with and without decline in renal function. The clinical characteristics of participants classified as decliners (with decline classified as absolute rate of change in eGFR of ≤−3.5 mL/min/1.73 m 2 /year or a % change Table 2 . Stepwise regression to determine which variables were associated with LN dp-ucMGP among healthy volunteers and participants with DM with and without DKD. All variables detailed in (A) plasma dp-ucMGP reference population histogram; (B) plasma dp-ucMGP reference population box and whiskers plot. The distribution of data in the histogram and box and whiskers plots clearly indicates that the values are not normally distributed. The box portion of the box and whiskers plot represents 50% of the data, the lower, median and upper quartiles. The whiskers extend to the minimum and maximum values for dpucMGP in the reference population. The cross represents the mean value of dp-ucMGP. www.nature.com/scientificreports www.nature.com/scientificreports/ in eGFR of ≤−3.3%/year) and non-decliners are outlined in Supplementary Tables 7 and 8 . Plasma dp-ucMGP and uACR had moderate ability to distinguish decliners from non-decliners when absolute rate of change in eGFR (≤−3.5 mL/min/1.73 m 2 /year) was used (AUC of 0.696 (95% CI: 0.625-0.760, p < 0.001) versus 0.689 (95% CI: 0.618-0.754, p < 0.001) (p = 0.921); Fig. 4C ). Similar findings were observed using lower and higher thresholds to classify decliner status. Using a threshold of ≤−4.5 mL/min/1.73 m 2 , the predictive value of plasma dp-ucMGP was weaker and uACR stronger; but there was no significant difference between the two indices (AUC of 0.627 (95% CI: 0.554-0.696, p = 0.131) versus 0.751 (95% CI: 0.683-0.810, p < 0.001) (p = 0.231)). Using a threshold of ≤−2.5 mL/min/1.73 m 2 , the predictive values of plasma dp-ucMGP and uACR were similar (AUC of 0.686 (95% CI: 0.615-0.751, p < 0.001) and 0.690 (95% CI: 0.619-0.755, p < 0.001) (p = 0.948).
However, when decliners were defined based on % change in eGFR (≤−3.3%/year), plasma dp-ucMGP and uACR had greater predictive values but there was no significant difference between the two indices (AUC of 0.800 (95% CI: 0.737-0.853, p < 0.001) versus 0.723 (95% CI: 0.654-0.786, p < 0.001), (p = 0.103) (Fig. 4D) . Similar findings were observed using lower and higher thresholds to classify decliner status. Using a threshold of ≤−4% decline in renal function per year, the predictive values of both plasma dp-ucMGP and uACR were similiar (AUC of 0.818 (95% CI: 0.755-0.870, p < 0.001) and 0.745 (95% CI: 0.677-0.805, p < 0.001), (p = 0.150). Using a threshold of ≤−2% decline, the predictive values of both plasma dp-ucMGP and uACR were again similar (AUC of 0.756 (95% CI: 0.689-0.816, p < 0.001) versus 0.708 (95% CI: 0.638-0.772, p < 0.001), (p = 0.308).
Similar to HVs, using a stepwise regression model (Table 2) in participants with DM, increasing BMI and CRP were associated with increasing LN dp-ucMGP. Interestingly, decreasing haemoglobin was associated with increasing plasma LN dp-ucMGP -the converse was true for HVs. Other significant explanatory variables included SBP, sodium, eGFR, iPTH and NT-proBNP.
Discussion
The quality of reference intervals for a clinical laboratory assay are as important as the quality of the result itself. Reference intervals are the decision support tools used to guide clinicians in the correct interpretation of results, helping to discriminate between those with and those without disease. Prior to the introduction of a biomarker into routine clinical practice, it is essential to establish RIs in a healthy local population. This is the first study that defined robust RIs for plasma dp-ucMGP using the IDS ® -iSYS Ina Ktif (dp-ucMGP) assay in a metabolically healthy Caucasian population with normal kidney function. It provides novel insights on the utility of plasma dp-ucMGP as a biomarker of both DKD and renal function change in adults with DM. Our results demonstrated that plasma dp-ucMGP was higher in persons with DKD compared to those with DM without DKD and HV and in decliners compared to non-decliners. We also found that plasma dp-ucMGP was a measurable indicator of DKD and renal function decline. Significant negative linear relationships existed between LN plasma dp-ucMGP and eGFR as well as rate of change in renal function and a significant positive linear relationship existed between dp-ucMGP and uACR in participants with DM with and without DKD.
In previous comparable studies, Cranenburg et al. reported reference values for dp-ucMGP measured using dual-antibody ELISA of 477 ± 199 pmol/L in a healthy reference population (n = 75) 35 . In our study, the median value for dp-ucMGP measured using a different platform was 318 pmol/L among HVs and 434 pmol/L among (7) 75 (9) 72 (11) www.nature.com/scientificreports www.nature.com/scientificreports/ those with DM without DKD. In contrast to our study, the authors noted that as age increased plasma dp-ucMGP levels increased. Within this cohort, however, 20% and 9% had known diagnoses of hypertension and hypercholesterolaemia, respectively, with frequencies that increased with age. As vascular calcification is linked to hypertension and hypercholesterolaemia 36, 37 , the impact of these conditions on dp-ucMGP values is likely to be significant. The use of different platforms for measuring dp-ucMGP together with the prevalence of significant co-morbidities and less strict inclusion criteria for the healthy reference population may explain why dp-ucMGP levels are higher among the cohort reported by Cranenburg et al. 35 compared to our HVs and participants with DM without DKD. Increasing age was also associated with increasing dp-ucMGP among a random sample of inhabitants in two regions and one city in Switzerland and in participants with T2DM. In the Swiss study, the 
Rate of Change in Renal Function
Absolute www.nature.com/scientificreports www.nature.com/scientificreports/ proportion of participants with DM, hypertension, cardiovascular disease, reduced eGFR and elevated SBP, DBP, pulse wave velocity and BMI increased from the low to the medium to the high tertile of dp-ucMGP 38 . Among participants with T2DM, in a multivariable model following adjustment for ethnicity, eGFR and warfarin use, the association between age and dp-ucMGP was no longer statistically significant 17 . Thus, our strict inclusion and exclusion criteria may explain why no association was observed between age and dp-ucMGP in our study. This suggests that age per se (as opposed to medical conditions that become more prevalent with age) likely does not significantly influence plasma dp-ucMGP concentration. (A) Box and whiskers plot illustrating the levels of dp-ucMGP in HVs (n = 141), participants with DM without DKD (n = 92) and participants with DKD (n = 100). There was a stepwise increase in the level of dp-ucMGP from HVs to participants with DM without DKD to participants with DKD. Comparison between the groups is made using Kruskal Wallis with Dunn's post-hoc for multiple comparisons. (B) Box and whiskers plot illustrating the levels of dp-ucMGP in decliners v non-decliners (absolute (n = 32 decliners v n = 159 nondecliners) and percentage change (n = 77 decliners v n = 114 non-decliners) in eGFR). Decliners had a higher level of dp-ucMGP compared to non-decliners. Comparison between decliners and non-decliners is made using Mann-Whitney U test. N = 1 participant did not have sufficient values available to calculate rate of decline. (C) Scatter plot: LN dp-ucMGP v eGFR (fitted linear regression line) for participants with DM with and without DKD. (D) Scatter plot: LN dp-ucMGP v LN uACR (fitted linear regression line) for participants with DM with and without DKD. (E) Scatter plot: LN dp-ucMGP v Change in eGFR (absolute) (fitted linear regression line) for participants with DM with and without DKD. (F) Scatter plot: LN dp-ucMGP v Change in eGFR (%) (fitted linear regression line) for participants with DM with and without DKD. ***p < 0.001. ****p < 0.0001. (2019) 9:18452 | https://doi.org/10.1038/s41598-019-54762-2 www.nature.com/scientificreports www.nature.com/scientificreports/ We noted that plasma dp-ucMGP was higher in females than males while Cranenburg et al. found gender had no effect 35 . Both studies had different participant numbers and characteristics which could explain the gender differences, suggesting that additional studies are required to determine whether gender-specific RIs are necessary. It is of interest that, even in a reference population selected for metabolic health and BMI ≤ 32.5 kg/m 2 , we observed significant (albeit mild) correlations between LN plasma dp-ucMGP and BMI as well as LN CRP, eGFR and LN uACR. This suggests that vitamin K status and plasma dp-ucMGP have the potential to be important predictors of long-term vascular health among large populations. Notably, in the Longitudinal Aging Study Amsterdam (LASA), which evaluated community-dwelling older adults aged >55 years, free of CVD at baseline, vitamin K insufficiency as assessed by high plasma dp-ucMGP was associated with increased risk of CVD independent of the classical risk factors 39 . In contrast, in the Health ABC (Health, Aging, and Body Composition) Study of community-dwelling adults aged 70-79 years without CVD, Shea et al. observed that low circulating phylloquinone but not dp-ucMGP was associated with higher CVD risk in older adults treated for hypertension 40 .
In keeping with results published by others 3, 9, 10 , we observed that plasma dp-ucMGP increased as renal function deteriorated. Existing studies note that plasma dp-ucMGP levels increased progressively from CKD 2/3 to CKD 4/5 to CKD 5 on dialysis 10 and from eGFR >90 mL/min/1.73 m 2 to CKD 2 to CKD 3-5 9 . Unsurprisingly, Figure 4 . (A) ROC curve for dp-ucMGP: DKD (n = 100) versus DM without DKD (n = 92) and HV (n = 144). The AUC for dp-ucMGP was 0.842 (95% CI: 0.799-0.880; p < 0.001) with a diagnostic sensitivity of 67.0% (95% CI 56.9-76.1), a diagnostic specificity of 91% (95% CI 86.1-94.0), positive likelihood ratio of 7.10 (95% CI 4.7-10.8), a negative likelihood ratio of 0.36 (95% CI 0.3-0.5) and decision threshold of >557 pmol/L. (B) ROC curve for dp-ucMGP: DKD (n = 100) versus DM without DKD (n = 92). The AUC for dp-ucMGP was 0.747 (95% CI: 0.679-0.807; p < 0.001) with a diagnostic sensitivity of 64.7% (95% CI 54.6-73.9), a diagnostic specificity of 80.0% (95% CI 70.2-87.7), positive likelihood ratio of 3.24 (95% CI 2.1-5.0), a negative likelihood ratio of 0.44 (95% CI 0.3-0.6) and decision threshold of >570 pmol/L. (C) ROC curve for dp-ucMGP v uACR: decliners (n = 32) and non-decliners (n = 159) (absolute change in renal function). The AUC for dp-ucMGP was 0.696 (95% CI: 0.625-0.760, p < 0.001) compared to an AUC for uACR of 0.689 (95% CI: 0.618-0.754, p < 0.001) (p = 0.921). (D) ROC curve for dp-ucMGP v uACR: decliners (n = 77) and non-decliners (n = 114) (% change in renal function). The AUC for dp-ucMGP was 0.800 (95% CI: 0.737-0.853, p < 0.001) compared to an AUC for uACR of 0.723 (95% CI: 0.654-0.786, p < 0.001) (p = 0.103). The area under the ROC curve (AUC) is used to assess test accuracy. A ROC curve is constructed from sensitivity compared to 100-specificity. An AUC >0.9 is indicative of a very accurate test. www.nature.com/scientificreports www.nature.com/scientificreports/ plasma dp-ucMGP is higher in patients on haemodialysis compared to age-matched controls with normal renal function 41 . There are well established associations between plasma dp-ucMGP and concomitant levels of renal function across the CKD spectrum. In this study, we showed that there is also a relationship between plasma dp-ucMGP and rate of change in renal function (calculated using ≥ 2 values sampled over 7 + years) in adults with DM. Perhaps consistent with this, Wei et al. showed, in a general population after 8.9 years follow-up, that plasma dp-ucMGP increased by 23% while eGFR decreased by 4.05 mL/min/1.73 m 2 42 , also indicating a time-dependent relationship. In that study, which included follow-up data from only a single time-point, baseline plasma dp-ucMGP predicted new onset microalbuminuria and eGFR < 60 mL/min/1.73 m 2 . In our study, the strength of association between rate of change in renal function and LN dp-ucMGP was stronger and the proportion of participants classified as decliners greater, when % rather than absolute change in renal function was used. This finding indicates that small absolute changes in renal function at lower eGFRs have a greater impact on dp-ucMGP levels than similar magnitude changes at higher eGFRs. Use of % rather than absolute change may be a more sensitive method of identifying decliners, although further study is required. Thus, regardless of current eGFR, renal function decline appears to associate with increased plasma dp-ucMGP. Importantly, high plasma dp-ucMGP is associated with increased CVD risk among patients with T2DM, in particular those with peripheral artery disease and heart failure 43 and those with increasing severity of chronic heart failure 44 . High circulating levels of dp-ucMGP have also been shown to be associated with arterial stiffness after adjustment for common cardiovascular risk factors, renal function and age 38 , suggesting that interventions targeting the mechanisms underlying high plasma dp-ucMGP may be of distinct clinical benefit. In this regard, it has been proposed that vitamin K therapy has potential to slow vascular calcification 20 . In a trial of 17 haemodialysis patients, daily supplementation for 6 weeks with vitamin K2 resulted in a 27% reduction in plasma dp-ucMGP 41 . A further study of 38 patients with CKD 4/5 demonstrated a 10.7% reduction in plasma dp-ucMGP following supplementation with 90 µg of Vitamin K2 for 270 ± 12 days 45 . Additional trials are needed to evaluate the long-term impact of vitamin K therapy on dp-ucMGP, cardiovascular morbidity and mortality as renal function declines.
Plasma dp-ucMGP proved to have predictive value for participants with DKD from those with DM without DKD and HVs. Of note, when plasma dp-ucMGP was used to distinguish those with DKD from those with DM without DKD (and not HVs) there was a modest decrease in the AUC and sensitivity. In our study, DKD was diagnosed based on a "tarnished gold standard"-eGFR and uACR. Renal biopsy is considered the true "gold standard" but is not practical or necessary in all patients in clinical practice 46 -as the information gained from biopsy does not always alter patient management. Consequently, it is possible that the prevalence of DKD may be under-or over-estimated; depending on the accuracy of our "tarnished gold standard." The inclusion and exclusion criteria for HVs were strict and thus it is unlikely that any participants in this group had DM or any significant kidney disease which would lead to their misclassification. Misclassification of some participants with or without DKD may explain why the AUC and sensitivity of plasma dp-ucMGP decreased when HVs were removed from the analysis. Thus, the accuracy of dp-ucMGP in detection of DKD may be influenced by imperfect gold standard bias; which could make plasma dp-ucMGP appear better (same errors as tarnished gold standard) or worse (performs better than tarnished gold standard) than it truly is.
The RIs in our study were established in a healthy Northern European Caucasian population which limits their generalisability to other ethnicities. Our observation of higher plamsa dp-ucMGP in metabolically healthy females compared to males requires definitive confirmation and partitioning of the reference range according to sex. As 39.0% of the reference population had values < LLoQ, more sensitive assays are necessary to determine the clinical relevance of reporting values < 300 pmol/L. GFR was estimated using the CKD-EPI equation; it was not measured using a reference method. While plasma dp-ucMGP was found to distinguish HVs and patients with DM without DKD from those with DKD, it was also associated with rate of change in renal function. However, the absence of a validation cohort to affirm our findings is a limitation. Detailed data regarding vascular calcification were not collated as part of the study protocol, however, associations between MGP and vascular calcification are elucidated in the literature 3, [17] [18] [19] [20] 38, 39 . With a molecular mass of 10 kDa, the increase in dp-ucMGP as eGFR declines (both in HVs and participants with DM) could be attributed wholly or in part to reduced excretion 41 rather than being induced by specific pathophysiological effects of DKD. Miyata et al. have shown that baseline eGFR negatively correlated with glomerular and tubulointerstitial MGP mRNA levels among patients recruited to the Nephrotic Syndrome Study Network (NEPTUNE). Furthermore, independently of eGFR, tubulointerstitial MGP was strongly associated with interstitial fibrosis, tubular atrophy, acute tubular injury and interstitial inflammation 47 . This together with the further association we observed between plasma dp-ucMGP and rate of loss in renal function, provides evidence that plasma dp-ucMGP among adults with DM is dictated by more than simple filtration. Nonetheless, as our study is observational in nature, conclusions regarding causality cannot be drawn.
conclusions
Reference intervals for plasma dp-ucMGP in a metabolically healthy Caucasian population with normal kidney function were established using the IDS-iSYS platform. Plasma dp-ucMGP was found to distinguish HVs and patients with DM without DKD from those with DKD with a good level of accuracy, a finding that may reflect the increased risk of vascular calcification that occurs as renal function declines. Plasma dp-ucMGP was also shown to be associated with rate of change in renal function among adults with DM with a wide range of current eGFR values. Interestingly, this association was stronger when change in eGFR was expressed in terms of % change per year rather than absolute change per year (ml/min/1.73 m 2 /year). Accurate definition of RIs and of the relationships between plasma dp-ucMGP concentrations and indices that reflect the severity of CKD in the setting of DM provide an important platform for integrating this robust biomarker into future studies on the role of vitamin K status and supplementation in cardiovascular health and on the role of the MGP system in renal function decline at a molecular level.
